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REACTION RATES FROM ELECTROMAGNETIC G..." Z DATA

John Vorthman, George Andrews, and Jerry Wwackerle
Los Alamos National Laboratory
Los Alamos NM 87544

patience, and curve fitting.

presented.

The determination of reaction rates in explosives from exper-
imental data is a taak that requires a great deal of care,
We have found that by meaauring
more qQuantities than are mathematically necernsary for a com-
Plete Lagrange analysis, curve fits to experimental data do
not have to be as exacting as otherwise required. We preaent
an experimental technique specifically designed four the de-
termination of global reaction rates which uses both embedded
electromagnetic impulse and particle velocity gaupes. The
methods ured to efficlently analyze the data, and the results
and conclusions reached from several such studles are also

INTRODUCTION

The determination of pglobal reac-
tion rates from embedded-gauge data has
been a modeat, but continuing effort at
lh,os Alamos for necarly a decade [1-4].
Other laboratories have had simllar ef-
forts [5-7]. The usual procedure 1is to
conduct one-dimensional experiments to
meanure, in a sufficiently reacting cx-
plosive, the przsoure-r'ield history,
n(h,t), or particle-velocity-rield
history, u(h,t), or both, over os large
a Lagranglan dilatance-time (h,t) reglon
as practical. Thone data are then
treated with a no-cnlled Lagrange analy-
aln, Integrating the conservation rela-
tions for momentum, mass and energy:

u, _ 1 3p
3t " g (1)

T sam (2)

and

ae __ (/) _ p Au
Y3 L T

to determine the dennlity= and energy-
field hintorien, p(h,t) and e(h,t).
With thene Trieldn known, an aanumed
renctant-product ecquntion  of ntate,
plo,r,2) or e{p,p,A) allows calculntion
of the globwl penction progrens rield,
here apecified by the mana fraction of
products, A{h,t}). The time derivative
of thin variable determines a reaction

rate, r = si/3t, which can be correlated
to the other state variahles to postu-
late, evaluate and calibrate "rate laws"”
for the explosive.

In this .paper we deacribe electro-
magnetic (KEM) pauging experiments ape-
cifically designed for Lhe delermination
of reaction rates in shocked cxplosives.
Projectiles from & 1ight-gpaa pgun are
used to penerate one-dimensaional reac-
tive [fiow 1In high-axploslive ‘larget.,
with lmpact velocities chomen o that
the exploslve 18 bullding up to, but
docs not attaln, detonation in the dlas-
tance=time reglon covered by Lhe mens-
urementn. The explosive han n collec-
tlon of elerctrical conductorn (the EM
gauge packape) cemhedded ln it and 13
surrounded by an  exlernal magnetie
fleld. The motion of the conductors \n
the magnetic "leld penerates a collec-
tion of voli.agern that are recorded and
later uned to determine the prensure-
and veloceity=field hintories that char-
acterize the nhock-1nduced renctive flow
in Lhe explaonlve. The gaupe package we
pretently use allows Lhe meanurement of
purticle veloelity and impulae. <the time
integral of the preansure--at rive Joca-
tiona in the erxplopive. Thin provides
nulfficlent datn to perform Lhe Lagrange
annlynins and rate determination,

The meanurement ol bolh veloeity
nnd impulne (with preossure avallgble by
Lime differentintion) hiatori a and the
nufficliency of datn f‘rom a niugle expor-
iment nre two major advantapen of our
clectromagnetie gnuge nayntems  The inte-
pration of Eqna. (1)-(3}) requires the
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evaluation of spatial gradients through
a few gauge locatilons. Consequently,
Lagrange analysis becomes a considerable
exerclise 1in curve [itting. In the
ea.lier work [1-3,5]), only pressure
measurements were acquired, so that the
calculated density- and energy-field
histories effectively depend on the cur-
vatures of the functions fitted through
the data. With the new system, single
applications of first-order spatial de-
rivatives suffice for uwll of the analy-

sis. Investigations using only pressure
data required combining results from
several different shot experimenta, and

small shot-to-shot variations in loAading
conditions and reaction historiea added
difficulty to the analysen. The new
system has 3ome potentlal for further

minlaturization and has leas problems
with electrical breakdown of gauge
inaulation than encountered with

langanin pressure gauges.
ANALYSIS OF THE GAUUE RESPONSE

The development of electromagnetic
particle-veloclty gauges for shock-dy=-
namic measurementa 1s over two decades
old [8], and provided the first in-mate-
rinl pgauglny; of any kind in rencting ex-
pluonivea [9]. The usual design 1a
aketched in Fig. 1-a. When a snhock has
traveled from the projectile-target in-
terface pnat the line be, the wire geg-
ment be willl bhe moving with the 1loeal
particle veloclty of the target materi-
al. Faradany's law glves

q - .
Ve o 1. dS
it I Heds

for the volinge, V, producad in the
wire, where repr- ‘. aun the magnntic
ficld (taken to be uniform and constant
in the labtoratury, or Kulerian, refer-
ence frame), nnd the aurface inLegral
Includes the changing naren, 5, innide
Lhe wire lcop. Cnll x' the Eulerian co-
ordinate of the wire scgment bhe and t
Lhe conatant length ol the negment be.
Then, 1 B 1n perpendicular to Lhe plane
o) the gauge,

d

Ve B
dL

fax = e, )
X

where u 18 vhe veloclty of the wire neog-
ment ne.  Thus A knowledge of Lhe mnp,-
hetie field, the length of the nctiva
clement of the gaupe L, and Lthe voltirge
produced nllowa one *o determine the
particle velocity of Lhe Lnrpel nt n
Lagrangian ponition inalde the material.

Althouph the aLllity te wae an EM
Fauge Lo find preanure was  vecopnlized
aome  Lime apn '10], thin method ins

(a-065)
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Fig. 1 - Electromagnetic Gauges.
(a) Veloclty gauge, (b) Impilsc gauge.

nelther widely known nor used. Preasure
can be found with Lhe experimental con-
figuration shown in Flg. 1-b and a
slightly more complichated analysis than
that used above. With the FEulerlan=-
tagranglan transformation p dx = p, dh,
Faraday's law glves

a ¢ Po
- . - h) — d}
v B dt [hy(l) p !

a ,¢ fo
- - B .. tane (h=-b) -— dh
L ,b ane (h=b) ;

A(1/p)

= - Np, Ltano !: (h=h) e dh ,

where tano 1a the initinl alope of tLhe
wire and we reatrict Lhe nnalysis to
Limrn before Lhe shock arriven at o,
substituting in the cequation for mann
connervation, Kq. (2), and intepgrating

by partn, glven

au

dh
ah

V= o B wane [: (h=b)

= - B tano ( (h=b) u ]: - [: u dh )
Noting that u{e,t) = 0, one han

V = I} tane ]s u dh . (5)

In our usunl nitun’ion, ench mnann
point experiencen a nhock dincontinuitly
followed by continuous motion. Connr-

quently, the particie veleclly in the
Fleld apanned by the pnuge  can be
written:
Lo \
u(h,t) = u, ]L ai qav
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wiere u (h) 1s the particie velocity
behind the shock and t (h) the shock ar-
rival time, both depeﬁdlng on the dis-
tance coordinate alone. Use of momentum
conservation, Fq. (1), and transfer of
the napatial derivative to outaide the
integral glve:

1 t oo
u h.t - - — dt?
( ) v fo !tl ah d
= Uy - _1_ _a;f pdt' - p g_t_;. ) .
1 Po 3h tl 1 dh

Noting that dhl/dh is Junst the
reciprocal of the shock velocity, U,,
the first and third term of the laat i
quation céncel from the Hupgoniot rela-
tion, P, " vq U, u . Defining the
impulse?®, I(N:i). ad the time integral
of the pressure, there results:

a1 ? It

Pg U™ === tl p dt' . (6)

an 2h

With this preparation, evaluanting
the response of the 1impulae gruge 1is
oimply A matter of aubatltuting liq. (6)
for the particle veloelty 1in FEq. (5).
This glves

I(b,t) = < oot Lo

(b,1) Ly aii ™ = iy gang T
for Lhe lmpulse at the apex of the gnupe
clemen: untll the ahoclk reaches polnt c.

The determination of prennure from
the impulae meanurement vequlres nome
differentistion of data. A aimple, (T
not nlwaya Lent, method is to evalunte
the time derivative;

a1 "o av

R R A R LY

If the data have any imporfectionn,
Lhene imperfections will be amplirisd
when  preanure in cnlculated itn Lhia
manner.  More aserioun, {0 Lthe daln hnve
detnlled atructure, an In a nhort-nhock
experiment, thia detall mny be diffileult
Lto retaln accurately through the time
differentintion procean. An ceffeclLive
Alteprnntive for cnleculating preanure-
fleld Wintorlien under nuch cl rcumntancen
will bhe dincunned tn the acction on
Lagrange annlynin.

itetetly apeaking, T in Lhie Impulne por
unit aren; we will tgnore thia dintine-
tion.

A PRACTICAL DESIGN

In practice, measuring particle
velocity and impulae is not as simple as
inserting wires into an explosive. As
the explosive reacts, care muat be taken
to assure that the gauge elements move
with and not through the gaseous pro-
ducts. In addition, the explosive pro-
ducts are ceclectrically conductive so
that gauge 1lends should be irsulated
[11). 1f, as some workers prefler, par-
ticle-velocity gaure leads ar~e brought
out of the explosive paraliel to the
shock front (unlike the gauge shown in
Fig. 1), care must Le taken to assure
that twe=dimer.sional flow does not cauae
the leads to spread and generate extra-
neous voltares [12]). The rinite width
of the pauge Ilnnds can aiso be A problem
when trying to measure the dlatance t
(see Fig. 1-a).

The gauye packape shown 1in Filg. 2
was designed to minimize the ehove
problems. Leads Are only '00-ym wide
and 18-um thick, and are nandwiched be-
tween two 2%5-uym-thizk Teflon sheetn.
The Tellon coating acts As a mechanieal
subatrate, A barrier to gan llow around
the conductors, and na»s electrical
inaulntion. Aluminum conductora  nre
uand hecause this metal 1n n reliatively
good shock impedance match Lo most ex-
ploalven. This impedance mateh mini-
mizes both perturbations to the Flow and
problema with pFaupr leadn punching,
through the T»flon nhert.

The pgauge packape 18 lnnerted fnto
the exploaive nt an angle, an nhown in
Fig. 3. This e Inaortion technt.gue
han Lthe advantage that the explonlve
need be olleed only wunce, yel locnten
eiach palr of fmpulsze and veloctity pnuyen
nt. different deptha in the oxplanive,
We comnonly une a ghupe packnge tnelined
twenty or thirty degrecs Lo Lhe impact

Il

|

I

lm

Mp. 2 = The elvelroanpgnetie gnuge packape.,

The lnrgent veloclly pnuge ta 10-mm wide,
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face and 2-mm separation of gauge pairs
in the package (mee Fig. 2), giving 0.7-
or l-ma spacing of the gauge elementa in
the direction of particle motion. Qauge
leads are brought out through the rear
edge of the target and the gauge-package
Jimensions are limited so tha. two-di-
mens.onal effects caused by edge
rarefactions are avoided.

The gauge package and targetv are
assembled by first bonding aluminum foll
to a Telflon sheet that has been special-
17 treated to Accept the adhesive. ''he
glue bond is kept as thin as possible,

typically about 2-ym thieck. Next, the
conductor pattern shown 1n Fig. 72 1is
photo etehed from the metal. Qauge :on=

struction is completed when the top of
the conductors are covered with another
Teflon 8heet, also bonded in place.
Next, the explosive sample 1s s8liced,
the gauge package inserted, and the ex-
plosive pleces glued together. It 1s
important to keep the gauge-glue combi-
nation as thin as posslble. If the
FAauge or glue 1s too thilok, the gauge
will not record the bulk response of the
explosive. The type of glue uaed to
hold the gauge In the cxplosive can alao
affect the response cf the gauge. G5ome
f.lues npproved for use with exploalves
contaln sulvents that can cause pmall
volds In the explosive necar the pgaupe
pRckage. Such glues are to be avoided
if the bulk response of the explosive 18
to be measured.

The uniform mignetic fleld 1indi-
cated in Flg. 3 18 provided by a ape-
cinlly conotructed clectromagnet. The
two pole plecen for the magnet ate
0.28-m rquare Aand 0.2%-m thick, and have
A 0.28-m aecparation. These pole pleces
are designed Lo be integrated into our

TR ML R 1
o T -7& T Meb_ 1AL 1 0IFS

-

. ALy e (MK

.
- /llmnnlm"|-|n|
g Lelbirang

v VAl EEET]

; HUILL NN
ALRTLINIAL MALE TIC
rLt)

Flg. § = Experimental Annembly

gas-gun target chamber, which serves as
the yoke and magnetlie return path for
the system. An aluminum alloy cylinder
inside the magnet poles 1is used to
protect it and the target chamber from
shrapnel from the target arsembly. The
magnet pole pleces are each wound with
three parallel coila on & 0.l-m 1iron
core, powered by a 15-V, 300-A regulated
DC supply. Magnetic fleld strengths are
measured for each experiment, and are
typleally 825 gausas. A central, 25-mm,
cubic region between the polea has been
shown to have : 0.5-percent uniformity
in magnetic field, and the gaumz package
is located within this reglon for all
experiments. Disturbance of the magnet-
ic fleld by an incoming, conaucting pro-
jectlle was avolided by usling the plastic
projectile extension And alumlnum oxide
(chosen for high shock impedance) flyer
depicted in Fig. 3.

The magnetic-rield strengths,
gauge-clement dimensions and particle
velocities of our experilinents comblne to
give typical signals of abcut a volt.
Thene were recorded ovn Tektronlx Model

7844 oocillorcopes or, more recently,
Model 7612 transient digitizers. In
both cases, the signals Are recorded

through Model 7A13 and 7A24 amplifiers
used in the differentlal mode. Sinfle
ended measurements proved to be lmprac-
tical because ol' grounding problems- at
cthe gauge.

In thio paper, the experimental and
analytlc methods discussed abnve are
1llustrated with two results ror
PBxX 9501, a plactic-bonded, 95 welpht
percent  1IMX similar to the PBX 9404
atudied previously (2]. Projectile
velocitien and ceramic rlyer thicknennen
wore chosen to pglve a 3.5-GPa suntalned-
nhock input for one ecxperiment and a
3.9-0r'a, 0.A5-ys pulaed input for the
other. In both cnnen, the firnt gaure-
element palr was about 0.3 mm From Lhe
impact face; the rireh element wan 3 mm
from the lmpnct face For Lhe nuatalned-
nhock experimont and h.3-mm deep for Lhe
nhort-nhock teat. The deepest element
pair wno lenn Lhan half of Lhe run din-

tanee o detonntion ror both of the in.
put  nhock condittionn  chonen. Impulne
and particle-veloelty datn for Lhe Lwo

erperiments are nhown an
(b) in Pign. 4 and 5.

f'raman (n) and

LAUHANUE ANALY31S

kach of the cexperimentn dencribed
above provides  enough  fmpulre-  and
veloeity=-Iield dnta Lo allow a Lagrange
annlynin of Lhe reactive Clow. An wid

Lthe cane f'or Lhe analysin of pressure-
ghupge data only (1], we have found that
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the Lagrange analysis of these data 1is
best accomplished uming the so-called
pathline method[13]). 1In this analytie
technique, the gauge data are fitted
along arbitrary paths constructed
through the entire h-t space of the
observations, The spatial derivatives
in Eqs. (1) to (3) are replaced with the
directional derivatives, according to
the transformation of any state vari-
able, I, by

ar ar 1 af
3@ "0 e 9)
where df/dh denotes the derivative along
the pathline and U =« 1/(dt/dh) 1is termed
the phase velocity. Although this
transformation replaces an interpolation
through a few gauge locations with the
difference in two quantities, this does
not lead to a less accurate analysils.
The paths are chosen analytically, so no
error occurs in U; the 3af/3t are fitted
through dense data at each gauge
station; finaliy, the paths can be
chosen 8o that state variables do not
change along them as much as at fixed
time, so that the df/dh are smoocher and
more accurately evaluated than the
af/ih.

With the combined 1impulse &and
veloclty data provided by the EM gauge
package, an alternative to time differ-
entiation of the I1mpulse records 1is
allowed by the pathline analysis method.
Applylng the tranaformation Fq. (9) to
the lmpulme, and using Eqs. (6) and (8)
ffor 1ts spatial and time derivatives, we
have:

dl
P(h.t)'(DOU'#m)U --(Bl)

Note the reoemblance of this expression
of the pressure to the Hugoniot rela-
tlon, with thn the phane veloeity ln the
role of a shock veloclty; 1t reducea to
the Huponlot relation on the rfirst path-
line, where 1l = 0. !

With the presaure-rield history de-
fined by FEq. (8) or FEq. (8'), the
Larrange analysis 18 completed by the
integration of mana nnd encrgy connerva-
tion, Fqes. (2) and (3). Defining the
compresgion, n=1 -py/p, these are
written:

( Ju 1 du

t
n(h,t) = n (h) - It i - T 3¢ Jue' (10)
1

nnd

e(h,t) = el(h) -

, ( 1] ] 3u

1 t [
oo o dn "t ) 9 an

The Lagrange analyeres of tne two
experiments described above hau some
common features and some important dif-
ferences. In both cases, the analysis
was done with a censtruction of 101
pathlines. Shock states on the [first
path line were specified by ritting the
initial particle veloelties end using
the known unreacted Hugonliot for the ex-
plosive. Mathematical cuble spline
fitting wac usmed to construct smooth
functions of the impulse- and velocity-
gauge historlen; these fitting functions
are shown as solid curves in frames (a)
and (b) of Figs. 4 and 5. The integra-
t'on of Eqs. (10) and (11) was
accomplished with a simple differencing
scheme for both analyses. Qur present
analysis determines density and energy
hlstories at the gauge locations only.

For the mAnalysis of the asustalned-
shock dai1, Bimple time differentiatlon
of the ‘mpulse data was found An ade-
quate means of evaluating the pressure
histories. Evaluating the derivatives
of the spline Tfritting functions of
Fig. 4-a gave the fairly pleasing result
shown 1in Fig. li-e. An uncomp’icated,
regular pathline conatruction was also
found adequate; every tenth pathline of
the construction wused 18 shown in
Fig. 4-d, with the naymbole 1indicating
the extent of the data. Pathline deriv-
atives of the particle velocitien,
du/dh, were evaluated by cublc apline
fitting of five velocity values on ench
pathline and calculating the derivative
nt each gauge location. Thene were com-
bined with the time derivatives of the
velocity and impulse fltting rCunctionas
and the analytie formulations of the
phase veloc'tics to compute the density
and cnergy hintories nccording to
Fqn. (10) and (11). The results nre
shown 1n PFilpg. l-e und U4-f and nre
similar in form and rcasonably regular.

Some modification of the analysis
is nevded to treat short-shock datn such
an shown In Wilg. 5. Although the
lnpulse data of ¥Flg. Y-a chow some
breaks and kinks assoclated with the
nuccensive rarcfactlons evident in tLhe
veloelty dntn, reasonable preasoure
hintories could not bhe obtalned by
pimple time differentiation of spline
functionn fitted to the fmpulne
hintories. Consequently, the alter-
native analysis of prosaure hintorlen,
Ey. (8'), was uned. Ln order to avold
pathline to pathliline irrepularity in the
I, du/dh and di/dh factors In Eqon. (8'),
(10) and (11), {L war necensary to une
very low-order, amoolh functlionn for
fliting veloclty and I1mpulne along the
path linen, and for the pathline rune-
Liona no well. Thia wan nccompliashed by
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Fig. 6 Reaction and rate histories for sustalned-shock experiments.

fitting ce 'taln key path 1lines through
the flow {eatures of heads and tails of
the rarefaction waves, and spacing the
intermediate path 1lines evenly; the
resulting construction is shown 1in
Flg. 5-d. We wecre able to use single
quadratic segmeniL. for all fitting func-
tions. The calculated pressures shown
in Fig. 5-c have a generally increasing
character, with superimposed reverber-
ating rarefaction features synchronjzed
with similar features in the velocity
records. The detalloed structure of the
the pressure hlstories is5 primarily due
to the pou term in Fq. (8'), and th=
dI/dh term providea the increasing char-
acter. Similarly, in the calculation of
denslty nnd energy historles, 1t is the
du/dh term in Eqs. (10) and (11) that
determines the general trends and the
term with 3Ju/at that nuperirposes the
detalled structure. Thim abllity of the
experimental design and analyuls to con-
nect pressure, denslty and energy
hintories nll to tue particle-veloclty
histrrics permits the pleaoing results
in Plg. 5 aud rale analysco lor complex
reactive flows.

EQUATLON OF STATE AND REACTION RATES

Calculation of reaction und rate
hintorles 1in eflfectod by the nnsumption
of a reactant-product equation of state.
We conaider Lhe reacting ecxplonive as n
mixture of unreacted nolid and fully
reacted, monatly ganeoua products and
measure reaction progress in terman of
the masae Craction of products, A. As in
most of our previoun work, we have uaned
the NOM equation  of Atnte Li4].
Mie.flrunelnen repreacntations are uned
For both conatltuentn, with the maoasured

Hugonlot serving as the reference curve
for the 80lid and a well-calibrated BKW
[14] ecalculation of the 1sentrope
through the Chapman=-Jouguet stpte
references the products. Ideal mixing
of apecific volume and internal energy
are Aassumed, along with pressure and
temperature equilibrium. Our calcula-
tion of A(p,p,e) 1s done with a Newton's
method iteration algorithm and computer
subroutine devised by Charles Forest.
The calculation also provides such
thermodynamic derivatives as the sound
speed, ¢, and the pressure derivatlve
Py = (ap/ax)p e+ A detalled description
o} a almilar éomputation is 1in [15].

Reaction historles calculated with

HOM for the two experiments on PBX 9501

are shown in Figs. 6-a and 7-a Both

are quite regular. We cxorcise e~ither

of two options in calculating the rutes.

One 18 to evalunte tlme derivatlves of

presvure and denslty In the lLagrangian
analyosls and calculute

z .
3 _ (ap/at) - c?(Bp/at) @ (5

res_S =

‘Thls wns done for the rate hintorleo for
the austalned-shock cane shown in
Fig. 6=b. The other alternative s
apline~-ritting of the renction hintories
and differentiating. "This wasa done for
the three Interior gauge locations for
the nhort-shock caoe, Fig. 7-b. The
rcoults are more eorratic than the
suntalned-shock caae; we have not yet
found A renlly eflecltive fitting method.
This was particularly the cane for Lhe
firnt and rifth gauge atationa, so only
results at the central three locatlions
are shown in #ig. 7.
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Fig. 7 Reaction and rate histories for short-shock experiments.

EMPIRICAL REACTION-RATE CORRELATION3

Since our group first attempted to
obtain an empirical rate correlation for
PBX 9404, we have recognized that a
simple dependence on current pressure
provided & reasonable correlation for
rates analyzed from suatalned-shock ex-
periments[2]. However, the same wol'k
showed that rates from short-shock ex-
periments falled to correlate with cu:-
rent pressure, and that a larger range
of initiation phenomena could be modeled
with a reaction-rate dependence combin-
ing multiplicative factors in the deple-
tion, shock strength und current state.
Our empirical manifestation of the fact
has heen Line Direct Analysis Generated
Modified Arrhenlus Rate, or DAOMAR.
This form provided excellent correla-
tions of rates from both sustalned- and
short-shock experiments on PBX 9404[2],
and subsejuently a good rate calibration
fur 1.8-g/cm?® TATB[3). Both calibra-
tions have been generally ruccessful in
hydrocode simulntions of a varlety of
initiation phenomena, including those in
state regions much different from thnse
of the gauge experim:nts used to deter-
mine the rates. Thin success recently
has been extended to detonation =enction
zone obmervations on TATB[16].

The current-pressure correlations
of the rates calculated For PBX 9501 arc
shown in Fig. 8, plotted in A coordi-
nate system appropriate tor the usual
expreasion for the Foresot Flire rate

L14],

r n J
IH(T_—") -JZOEJ p . (13)

The rate histories for the sustalned-
shock experiment obviously admit to a
current-pressure correlation over most
of the 0 < A < 0.4 reaction range. Be-
cause the preosure historiea 1in the
short-shock case increase overall during
the time covered by experiment (aee
Fig. 5-c), the correlatlon ia reasonable
overall. However, local portions with
strongly increasing rates and counstant
or decreasing pressures rre not consls-
tent with Eq. (13). The dashed line is
the Forest Fire rate calibrated in the
usual manner, uslng explosive wedge data
and a rather assumptive, shock-change
analysis of the hulldup of the shock
front. Although the Forest Fire call-
bration is by no means a best it to our
rate histories, it is remarkable that it
is in the general viecinity, considering
the different types of data and analyacs
used.

The formulation of DAGMAR is:

!' 0y
LA Z4 p'l' gl{p,t) (T /), (14)
where p, is ahock-front prensure, T is
the cur}cnt temperature (a parameter of
gquestionanle physical nigniricance cnl-
culoted in HOM), and Z7,, n and T are
constants. a(p,t) is an 1nduction-time
factor that becomes unity 1in a few
tentha of & microsecond; thin was neces-
sary for the PIX 9404 correlation, bhut
not for the 1.8-g/cm? TATH. on an
Arrhenjius plot, the functlion plots as a
series of parallel ntralght lines except
as modified Ly the a(p,t) ractor nt
early times (lower temperaturen).
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Figure 9 shows that DAGMAR corre-
lates well with our rate data for both

sustained- and short-shock experiments
on PBX 9501. 1In both canes, the curves
lie at higher 1levels in sequcnce ofl

increaalng nhock strength with deecper
gauges. The range of shock pressures in
these experiments 1s not enough to eval-
unte the exponent n, so we presently use
the n = 2 for I'RX 9N04 for this con-
atant, The pgraphically matched dacshed
lines 1in Filg. 5-¢ correnpond to the
ashock states at the [flrst and 1last
gnuges, and represent T = 1260 K and
Z, = 0.205--a Bllghtly lavger rate than
for PBX 9404. The wnme conotants are

used to plot the rate for the center
gauge for the short-shock data; 1t is a
bit high. We have not yet attempted to
caloulnte an induction-time factor, but
the rates at early times indlcnte one is
necded for PBX 9501,

Although the short-shock experiment
on "BX 9404 made the polnt bhetter, our
intent 1in dinplaying thec correlations
above 18 to lndicate chat more can be
learned about global reaction rates ana-
lyzing &such experiments than with
suastained-shock data. The Lagrange
analyses of the pressure-pauge data for
the short-shock cxperiments on PPBX 9404
[2] are recalled by the reoponsible

10
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author (JW) as a process of lengthy
labor and some rather shameful
finagling. Anderson substantially

improved the analyais of pressure-gauge
data for the work on TATB [3], but was
unable to accomplish a Lagrange analysis
ol the short-ahock data at all.
Although there are reveral improvements
planned for the analysis reportzd here,
it 1s already relatively 1little work,
free of manipulation, and effectivo.

The electromagnetic
impulse and particle-veloclity
allows rate analyses of more
one-dimensional reactive flow. In our
group, the hope 18 to proceed from em-
pirical correlations to more phyaical
reaction-rate models for heterogeneous
explosives, and our bellef 1s that the
smoper way to test and callibrate these
models is with global reactlon-rate in-
formation. For those content with
testing and calibrating thelr models
with trial-and-error computer
simulations of observations, we recom-
mend embedded-gauge measurements that
are less demanding experimentally than
those we have desoribed.

combined
system
complex
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